The Mercur gold district of north-central Utah includes several sediment-hosted disseminated gold deposits which are located in the lower member of the Mississippian Great Blue Limestone. Argillie alteration of host limestone consists of illitc (R3 illite-smeetite < 10% S) + kaolinRe + quartz _ Fe oxides or pyrite. Argillized limestone has identical day mineralogy in both oxidized and unoxidized rock. Unlike some other sedimenthosted disseminated gold deposits, variations in the Kubler index and illite/kaolinite ratios show no spatial relationship to faults or to gold distribution within the mineralized areas.
Introduction
A WIDE range of low-to moderate-temperature geologic proeesses can be identified and characterized in altered sedimentary rocks. These processes include diagenesis, burial metamorphism, fluid flow in basins, low-grade metamorphism related to thrust belt formation, contact metamorphism, and mineral deposit genesis. Characterization and chronology of these types of events are crucial to understanding the genesis of sediment-hosted disseminated gold deposits. Because these processes occur at relatively low temperatures, day petrology and K-Ar dating of day minerals have been the most widely used techniques for their characterization. Illitcgroup minerals in particular are the key to these methods for three reasons: they commonly occur in sedimentary rocks, their variation in smeetite content and ordering type record the effects of low-to moderate-temperature events (Srodon, 1984; Srodon and Eberl, 1984) , and they are suitable for KAr dating (Aronson and Lee, 1986; Hunziker et al., 1986) .
Dating of sediment-hosted disseminated gold deposits has proven difficult because the paragenesis of the submicron gold is difficult to discern, they lack mineralized veins bearing a datable mineral, and well-defined crosscutting relationships with other datable geologic events in the deposits are rare. This leaves the dating of hydrothermal illitc as the most reliable technique for dating alteration, and by inference, mineralization (Clauer and Chaudhuri, 1992; Clauer et al., 1992).
However, a major problem with low-to moderate-temperature events in sedimentary rocks is that they may not be of high enough temperature and/or long enough duration to reset completely the K-Ar ages of previously existing minerals. As a result, radiometric age studies often produce a data cloud consisting of mixed ages that can be difficult to interpret in terms of the ages of end-member components. Dating of alteration at sediment-hosted disseminated gold deposits using illitc has previously been attempted by us on shales in t-he Mercur district (Wilson and Parry, 1990a ) and by Arehart et al. (1993) at the Post-Betze deposit in the Carlin trend, Nevada. Both studies revealed a range of dates, which represents possible mixing between illites of detrital, diagenetie, hydrothermal, or reset detrital and diagenetie origins. Although neither study obtained well-defined age estimates for the deposits investigated, they both provided evidence suggesting that gold deposition was older than had been previously assumed.
The purpose of this paper is twofold. First, we describe the day mineralogy of argillieally altered limestone from within the Mereur gold deposits and compare it to the regional shale alteration mineralogy. Second, we present new illitc K-Ar data from within the Mereur deposits. Data pre- Ophir Canyon and Mercur (Fig. 1) . The deposits occur along the east and west limbs of the Ophir anticline. High-angle faults, which resulted from tensional flexure during the formation of the anticline, control the gold mineralization (Kroko, 1992) .
The gold deposits occur in a mineralized sequence of the lower member of the Mississippian Great Blue Limestone locally known as the Mercur mine series (Fig. 2) . The middle member of the Great Blue Limestone, the Long Trail Shale, is also weakly mineralized (Gilluly, 1932; Wilson and Parry, 1989, 1990b) (Moore and McKee, 1983 ) occurs within the most highly mineralized portion of the district. It has a total outcrop area of 0.4 km 2 and is generally a dike. The rhyolite is a microcrystalline and equigranular assemblage of sanidine and quartz. In the Sacramento pit the rhyolite has a chilled margin that is cryptocrystalline to glassy. The rhyolite is locally altered with feldspars converted to clay minerals. Gilluly (1932) proposed that the gold mineralization was related to the intrusion of the Eagle Hill Rhyolite. Subsequent work by Tafuri (1987) , Kornze (1987) , and Jewell and Parry (1987, 1988 ) recognized the Mercur deposits as sediment-hosted disseminated gold deposits similar to those at Carlin, Nevada. These workers also assumed that the gold mineralization was related to intrusion of the Eagle Hill Rhyolite.
Methods

Sample locations
Material from the Mercur mine was obtained from the Marion Hill, Mercur, and Sacramento pits (Fig. 3) . Gold values in the Marion Hill pit are highest along northeastand smaller northwest-striking high-angle faults, in zones of argillic alteration, and in bedding plane faults (Kroko, 1992) . Samples were obtained from limestone of the Upper beds on the east side of the pit, known as the Brickyard area, where the Carrie Steele fault is a grabenlike structure ( The Mercur pit lies to the south of the Marion Hill pit (Fig. 3) . Gold distribution is controlled by the east-northeast striking Lulu graben structure and the north-south-trending Twist fault zone (Stanger, 1990) . Samples were obtained in the interior of the pit from the Mercur beds and the Magazine sandstone (Figs. 5 and 6).
The Sacramento pit lies farthest to the south, adjacent to and partially within the Eagle Hill Rhyolite (Fig. 3) . Although there are a few areas of intense argillization, the rhyolite is generally only weakly altered and contains gold only where it has assimilated country rock (Kroko, 1992 lyzed on a Phillips XRG-2600 X-ray diffractometer (Cu Ka). Samples were analyzed from 2 ø to 45 ø 20 using a 1 ø slit and run speeds of 1ø/min. Oriented smears were made using minireal grinding and were peptized by hand stirring or by minireal processing in a blender with deionized water containing 1 to 2 ml of a 5 percent Calgon solution per 100 ml of suspension. Size separates of <2 and 0.03 to 0.3 /•m used for mineralogy (XRD) and K-Ar age determination were made using a high-speed centrifuge. Three XRD runs were made on each sample: air dried, glycolated 24 h at 60øC, and heated i h at 550øC. The X-ray diffractometer was calibrated using quartz and cholesterol standards.
Three techniques were used to measure the particle size in dated illite samples: conventional pipette analysis (Lewis, 1984) , the Scherrer equation (Klug and Alexander, 1974) 
Illire mineralogy
Interstratified illite-smectite (or illite-smectite minerals; Srodon and Eberl, 1984) consist of various combinations of illite layers (I) and smectite layers (S) stacked parallel to the c axis. When the smectite layers are numerous (>50%) and the stacking sequence is in random order, the material is called R0. When the smectite content is 25 to 50 percent and the stacking sequence has statistical ordering, based on repetition of units consisting of illite-smectite, the material is called R1. When the smectite content is <25 percent, the illitic material is highly ordered and based on repetition of units consisting of illite-smectite-illite-illite, the illite is referred to as R -> 3. We will refer to this type of illite simply as R3.
The type of interstratified illite-smectite mineral (i.e., R1 or R3), the amount of smectite in the illite-smectite minerals, and the percentages of each day mineral found within the day assemblages were determined by modeling X-ray diffraction data using the computer program NEWMOD (Reynolds, 1985) . NEWMOD calculations were made by varying the parameters of percent illite layers, percent potassium in illite layers, illite and smeetite (001) spacing, number of layers in the crystallite (n), and type of ordering (R0, R1, R3) until the best match in both peak position and peak height was achieved between the actual and simulated XRD patterns. The estimated error in the percent smectite within the interstratifications is _ 4 percent. The relative proportions of each clay mineral in the dated mineral mixtures were estimated by first modeling each individual clay mineral (kaolinite, pyrophyllite, R1 illite, and R3 illite) with NEWMOD and then numerically mixing them in suitable proportions to obtain the best match with the peak heights and positions on the measured XRD profile in the range of 2 ø to 27 ø 20.
Kubler index determinations were made on the <2-/•msize fraction material (Kubler, 1967) . This index is the width of the (001) illite-smectite peak taken at one-half the peak height measured on a glycolated sample. A Kubler index of 0.25 corresponds to 0 percent smectite in the illire and little variation in particle thickness within the sample. Values between 0.25 and 0.42 correspond to the highest grade of lowgrade metamorphism (anchimetamorphic zone) and are also typical of hydrothermal illires. Kubler index values from 0.42 to 0.60 correspond to a higher smectite content and considerable particle size variation which is typical of the highest grade of diagenesis (Kisch, 1991 
Geochemical analyses
Pulverized samples of whole rock were analyzed for major and trace elements by Nuclear Activation Services Incorporated (Ann Arbor, Michigan) using X-ray fluorescence and (Table 1 ). In the Marion Hill pit, the Rl-type illite-smectite was found on the south strand of the Carrie Steele fault. In the Sacramento pit, the illite-smectite becomes more illitc rich with distance from the contact of the Eagle Hill Rhyolite (SS series sampies) and changes from type R1 to R3. Where R1 illite-smectire occurs, the host-rock lithology appears to have originally been a shale and the host-rock mineralogy may be an important control on alteration mineralogy in addition to proximity to other geologic features.
Illitc textures in argillized limestones from the Mercur mine indicate a hydrothermal origin. These textures include illire flakes that radiate from a common center (Fig. 8A) , an illitc matrix consisting of a felted mesh of microlites that are interwoven in unoriented fashion ( seminated gold deposits is difficult because the clay mineralogy has not been similarly characterized elsewhere. In particular, the mineral referred to as "illire" or "sericite" in these Table 2 . The amount of illite present is indicated by the K20 and Na20 concentrations, but because of the probable presence of NH4 in the illite, estimates of illite content of the rock are minimum values (Table 2) , 1990b) . Long Trail Shale that consists of this R3 illitesmectite + kaolinitc + quartz assemblage also is usually enriched in these same heavy metals compared to shale containing R1 illite-smectite (Table 3) .
The XRD traces shown in Figure 7 demonstrate the progressive change in the illite-smectite mineralogy with increasing degree of hydrothermal alteration. Figure 7B 
Comparison of argillic alteration in the Mercur deposits and in the Long Trail Shale
Hydrothermally altered Long Trail Shale from throughout the southern Oquirrh Mountains has a more diverse alteration mineralogy than the argillieally altered limestones within the gold deposits. However, Long Trail Shale from areas enriched in heavy metals and/or near gold mineralization consists of the same mineralogy as the argillieally altered limestones in the gold deposits. The whole-rock and minor element chemistries of the two altered rock types are notably similar (Table  3) . Hydrothermal features such as heavy metal-rich veins, fossil replacement by the same minerals which occupy veins, felted textures of day minerals, and other textures previously discussed are common to both Long Trail Shale and the argillized limestone of the deposits.
We have interpreted the mineralogieal, textural, and chemical similarities between the argillie alteration of limestones in the Mercur deposits and the Long Trail Shale with the R3 illitc mineral assemblage as indicating that shale with the R3 assemblage has undergone the most intense hydrothermal alteration. Thus the variation in alteration intensity within the Long Trail Shale is best defined by the illite-smectite mineralogy and by the increase in illitc content of the illitesmectite minerals with increase in alteration intensity as shown on the Watanabe diagram for the Long Trail Shale (Fig. 9A) .
Argillically altered limestones of the gold deposits plot at the upper left end of this trend (Fig. 9B) , with most samples containing an R3 illite-smectite (3-10% smectite). These highly altered limestones also contain veins of R3 illite-smectite (2-7% smectite) + kaolinite + quartz that are similar to veins found in the most intensely altered Long Trail Shale. Argillic alteration from within the gold deposits only rarely includes the high smectite illite-smectite (25-33% smectite) similar to that observed in less altered Long Trail Shale. This high smectite illite-smectite was observed only in altered shale horizons within the limestone.
The mineralogical, textural, and chemical similarities between the highly altered Long Trail Shale and argillic alteration of limestone within the Mercur deposits are considerable, particularly in view of the differences in the original rock type. This evidence suggests that the same alteration event was responsible for both the R3-type argillic alteration in the Mercur deposits and in the Long Trail Shale.
K-Ar Data
Chronological information is essential to construction of a genetic model for the formation of the Mercur gold deposits. To obtain this information, K-Ar ages of illitc from highly argillically altered and mineralized limestones from within the Mercur deposit were determined. The age data are integrated with mineralogical, petrographic, thermal, and geologic information in order to estimate the age of the gold mineralization and to test the proposed relationship between the regional hydrothermal alteration of shales and the argillic alteration of limestones within the Mercur deposits.
As previously discussed, several characteristics of sediment-hosted disseminated gold deposits have made their ages extremely difficult to determine. Although these same problems exist at Mercur, K-Ar ages of illitc-rich clay-size separates from argillic alteration within the deposits and K-Ar ages of clay separates and veins in nearby Long Trail Shale provide good evidence for the general age of gold mineralization for the following reasons: (1) textural evidence and the occurrence of illitc in veins indicates a hydrothermal origin for illitc; (2) illitc-rich argillic alteration was observed within strongly mineralized areas of the ore bodies; (3) illitc clay is capable of recording the chemical, tectono-thermal event related to ore formation; (4) no petrographic or XRD evidence indicates the presence of feldspars or other K-bearing minerals in dated material; and (5) The apparent ages from the Carrie Steele sample suite range from 217 to 152 Ma and become progressively younger as the fault is approached (Fig. 4, Table 4 ). Illitc ages from 
Interpretation of the Age Data
The range in ages, the difference in age between coarse and fine fractions of the same sample, and the variation in age with distance from the faults indicates that most of the dates are mixed ages that have resulted from superimposed geologic events. However, although many of the K-Ar ages are mixed, they are also fundamentally related to the thermal history of the host rocks which can be used to interpret the age data meaningfully. Mixed ages can result from three different processes: (1) is shown in Figure 13 . A cooling rate of 50øC/Ma was used to approximate cooling after igneous intrusion. Cooling rates of 5 and 0.5øC/Ma were used to simulate cooling after burial metamorphism or a basin fluid flow event related to thrust faulting. Closure temperatures decrease with particle size, reflecting decreasing diffusion radius, and also decrease as the cooling rate is decreased, reflecting the time dependency of diffusion.
Closure temperatures were calculated for each particle size range that was dated (<2 or 0.03-0.3/•m) using equation 1 and the photon correlation spectroscopy-measured particle distribution within these size ranges as determined in representative sample CS-13. The closure temperature for each of these mixtures of particle sizes was estimated as the weightedaverage of the closure temperature for the weight fraction of each particle size in the mixture. These closure temperatures If the age discordance among the Mercur mine samples results simply from exhumation and cooling, then the discordance should be small because all samples were taken from an area of about 3 km 2. Minor variation in age of a few million years might be expected as a result of variation in particle size distribution between the samples. However, the 130 Ma range in age of these samples requires unrealistic variation in particle size distribution from sample to sample.
Thermal resetting: Heating clay minerals to a temperature high enough to permit Ar diffusion from the clay structure will partially or completely reset the K-Ar systematics. Particle size influences thermal resetting in two related ways. First, fine clay particles completely reset at lower temperatures than coarse clay particles; and second, at temperatures below the temperature for complete resetting, the fine clays lose more Ar than the coarse clays. Both effects are due to the smaller diffusion radius of the finer particles. The observed age range can be modeled as a function of particle size effects during partial thermal resetting using the above equations and the results used to evaluate the effect of the known thermal events on the Mercur illitc ages.
The Ar retention of clay-size fractions that were dated was calculated using equation 2, the activation energy for muscovite under hydrothermal conditions of Robbins (1972) , and the particle size distribution measured by photon correlation spectroscopy . Argon diffusion curves were computed for each of the dated particle size ranges, <2 and 0.03 to 0.3 /•m, and for heating times of 2 and 10 Ma (Fig. 14) . The shorter heating time of 2 Ma approximates the heating expected by shalloMy eraplaced igneous intrusions (Fig. 14A) , and the longer heating time of 10 Ma approximates heating caused by a low-temperature metamorphic or basin fluid flow event (Fig. 14B) . These diffusion curves are identical at the lower temperatures because the fine particles are present in both size fractions, but the curves diverge at higher tempera- Table 4 ). Sample CS-9 is mineralized and strongly altered (30.3% kaolinitc, 16.7 % illitc, 1,800 ppm As, 200 ppm Sb, Table 3 The Mereur deposit has a complex thermal history that is still not well understood but appears to consist of an early event related to the Oquirrh basin, a hydrothermal event possibly related to gold at 140 to 160 Ma, and a late overprinting event which may have occurred during the Sevier orogeny. Tertiary igneous activity had very minor thermal effects and was not related to gold mineralization. Calling upon a large, buried intrusion for gold mineralization is not a valid hypothesis for Mereur. Gravity and magnetic data can be used to help establish this. Published gravity maps of northern Utah do not show gravity anomalies for any of the major igneous intrusions such as at Bingham or Alta (Cook and Berg, 1961 (Fig. 3) and was collared at an elevation of 6,716 ft (Larry Stanger, mine geologist, pers. commun.).
Conclusions and Summary
Argillically altered limestones in the Mercur gold deposits contain illitc, kaolinitc, quartz, and pyrite. The illitc is a 2M• polytype of an R3 interstratification of illite with < 10% smectire. Ratios of illitc to kaolinitc are variable. The consistency of the illitc + kaolinitc + quartz alteration assemblage found in a range of host-rock types, altered limestone and sandstone within the gold deposits and the altered portions of the Long Trail Shale, along with the common heavy metal signature indicates that the alteration in all the units is related and the result of a large-scale hydrothermal event.
The K-Ar ages from within the gold deposits range from 98.4 to 226 Ma and the age data indicate a series of overprinted thermal and/or mass transfer events occurred at Mercur. The mixed nature of some of the age data and uncertainties in modeling mixed ages prevent a precise determination of the thermal history of the deposit. However, the data do suggest the following:
1. Thermal effects of the intrusion modeled using Cathles (1977) and Jaeger (1959) and spatial interpretation of the age data indicate that intrusion of the Eagle Hill Rhyolite at 30 Ma had very limited hydrothermal effects, had at most a limited role in creating the mixed ages, and was not related to the major stages of gold mineralization.
2. An age near 150 Ma is the best estimate of the true age of a hydrothermal event on the Carrie Steel fault. The progressive age distribution with distance from this fault demonstrates the existence of at least two thermal events which occurred in the rocks of this area prior to intrusion of the Tertiary Eagle Hill Rhyolite.
3. The older event indicated by the Triassic to mid-Jurassic ages occurred sometime after maximum burial during formation of the Oquirrh basin.
4. The data also suggest that a third regional thermal event occurred prior to the Tertiary which resulted in partial resetting of ages to between 98 and 140 Ma. This event may be related to the Sevier orogeny.
5. The best estimate of the age of gold mineralization is between 140 and 160 Ma which is the age of hydrothermal activity on one of the main structures controlling gold mineralization within the Mercur deposits, the age of vein illitc within the Mercur deposits, and the age of widespread hydrothermal alteration of the Long Trail Shale throughout the Mercur district. However, lack of petrographic evidence relating gold mineralization to illitc precipitation and the multistage thermal history of the deposit prevents a precise determination of the age of gold mineralization at this time.
